Gene expression levels change as an individual ages and responds to environmental conditions. With the exception of humans, such patterns have principally been studied under controlled conditions, overlooking the array of developmental and environmental influences that organisms encounter under conditions in which natural selection operates. We used high-throughput RNA sequencing (RNA-Seq) of whole blood to assess the relative impacts of social status, age, disease, and sex on gene expression levels in a natural population of gray wolves (Canis lupus). Our findings suggest that age is broadly associated with gene expression levels, whereas other examined factors have minimal effects on gene expression patterns. Further, our results reveal evolutionarily conserved signatures of senescence, such as immunosenescence and metabolic aging, between wolves and humans despite major differences in life history and environment. The effects of aging on gene expression levels in wolves exhibit conservation with humans, but the more rapid expression differences observed in aging wolves is evolutionarily appropriate given the species' high level of extrinsic mortality due to intraspecific aggression. Some expression changes that occur with age can facilitate physical age-related changes that may enhance fitness in older wolves. However, the expression of these ancestral patterns of aging in descendant modern dogs living in highly modified domestic environments may be maladaptive and cause disease. This work provides evolutionary insight into aging patterns observed in domestic dogs and demonstrates the applicability of studying natural populations to investigate the mechanisms of aging.
Introduction
In contrast to genetic changes occurring across generations, alterations of gene expression allow immediate and acutely sensitive responses to changing conditions. Gene expression can be affected by multiple factors such as age (Göring et al. 2007; Hong et al. 2008; L opez-Ot ın et al. 2013; Rahman et al. 2013; Peters et al. 2015) , social stressors (Weaver et al. 2006; Cole et al. 2007; McGowan et al. 2009; Cole et al. 2011 Cole et al. , 2012 Tung et al. 2012; Murphy et al. 2013; Powell et al. 2013) , and infectious disease status (Whitney et al. 2003; Cobb et al. 2005; Ramilo et al. 2007; Blankley et al. 2014; Mejias and Ramilo 2014) . Aging is associated with a multitude of gene expression changes in blood including cellular senescence and dysfunctional immune responses (e.g., immunosenescence and inflammaging) (Boren and Gershwin 2004; Kirkwood 2005; Baylis et al. 2013) . In contrast, chronic stress due to adverse social environments activates immune pathways and can affect antiviral responses, susceptibility to infectious agents, wound healing abilities, and individual fitness (Sapolsky 2005; Weaver et al. 2006; Miller et al. 2009; Chen et al. 2011; Cole et al. 2011 Cole et al. , 2012 Tung et al. 2012; Murphy et al. 2013; Powell et al. 2013) .
Investigations of gene expression patterns in natural populations of nonmodel species can reveal which environmental factors are most influential on the regulation of specific molecular pathways. However, with the exception of baboons (Runcie et al. 2013; Tung et al. 2015) , the transcriptome-wide effects of intrinsic and environmental variables on gene expression in vertebrates have only been studied in humans and species in captivity. Knowledge regarding the generality of aging effects on gene expression patterns across species is further limited by short lifespan biases of model species and unintended artificial selection on aging rates (Ricklefs 2010) . Thus, despite a long history of research on the diverse ecology, Article ß The Author 2016. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com social structures, and life histories of wild animal populations (e.g., Wilson 2000) , the impacts of aging and environmental factors on interindividual variation at a functional genomic level in natural animal populations remain poorly understood (Ricklefs 2010) .
To address this knowledge gap, we used RNA sequencing (RNA-Seq) to quantify genome-wide expression levels in wild gray wolves (Canis lupus) from Yellowstone National Park (YNP), USA. Gray wolves serve as an excellent model for studying the influences of age and social factors on gene expression levels, as wolves live in highly cooperative societies characterized by social hierarchies (Mech 1999; Packard 2003) . Further, the divergence time of approximately 80 My between wolves and more extensively studied primate and murine models (dos Reis et al. 2012 ) affords the opportunity to assess the long-term evolutionary conservation of expression patterns. We take advantage of the exceptional observational database available for the YNP wolf population, in which factors potentially affecting gene expression such as social status, age, and disease presence have been extensively documented since the wolf reintroduction in 1995 -1996 (vonHoldt et al. 2008 , 2010 Almberg et al. 2009; MacNulty, Smith, Vucetich et al. 2009; Smith et al. 2010; Almberg et al. 2012; Smith et al. 2012; Stahler et al. 2013; Cubaynes et al. 2014) .
Wolf packs consist of an adult pair of breeding wolves (denoted alpha), their offspring (denoted subordinates), and additional adult wolves, which may breed but are considered subordinate to alphas (denoted beta) (Mech 1999 (Mech , 2003 Packard 2003) . The breeding pair is considered dominant to other individuals, and social hierarchy is most commonly demonstrated by nonaggressive behavior and submissive postures resulting in unchanged or slightly lower glucocorticoid levels in subordinates (Mech 1999; Packard 2003; Smith et al. 2012; Molnar et al. 2015) . This social system is in contrast to hierarchies in which dominance is maintained by displacements and threats toward lower ranking individuals, such as in wild baboons and macaques, which result in higher levels of stress in low-ranking individuals (Sapolsky 2004 (Sapolsky , 2005 . Given the widespread impacts that social stress can have on individual health and the immune system as detected in blood (Sapolsky 2005; Weaver et al. 2006; Miller et al. 2009; Chen et al. 2011; Cole et al. 2011 Cole et al. , 2012 Tung et al. 2012; Murphy et al. 2013; Powell et al. 2013) , we aimed to compare influences of social rank on gene expression levels in blood of wolves, which could be collected with minimum handling, to those observed in primate social systems.
Active disease infection also impacts gene expression variation (Whitney et al. 2003; Cobb et al. 2005; Ramilo et al. 2007; Blankley et al. 2014; Mejias and Ramilo 2014) . Sarcoptic mange is an infectious disease frequently observed in YNP gray wolves, induced by the mite Sarcoptes scabiei and analogous to human scabies (Almberg et al. 2012 (Almberg et al. , 2015 . Sarcoptes mites are known to elicit gene expression changes in humans and trigger allergic reactions causing skin inflammation, itching, and hair loss in wolves (Arlian et al. 2004 (Arlian et al. , 2006 Almberg et al. 2012 ). Therefore, we hypothesized that presence of mange in YNP wolves results in expression signatures of immunosuppression and inflammatory response (Arlian et al. 2004 (Arlian et al. , 2006 Velavan and Ojurongbe 2011; Gregori et al. 2012) .
Finally, aging is also expected to be a factor affecting gene expression in gray wolves. We predict that rapid aging observed at the physical level in wolves (MacNulty, Smith, Vucetich et al. 2009; Stahler et al. 2013; Cubaynes et al. 2014) would be mirrored by gene expression changes with age. Although the molecular impact of age has been well described in humans (Göring et al. 2007; Hong et al. 2008; L opez-Ot ın et al. 2013; Rahman et al. 2013; Peters et al. 2015) , the relative influence and specific pathways altered by age in a wild population confronted with multiple environmental challenges is unknown. In baboons, the only wild species assessed to date, the impact of age on gene expression was found to be modest, and the molecular pathways altered by age were not evaluated (Runcie et al. 2013; Tung et al. 2015) . Therefore, to assess conservation of patterns across the mammalian phylogeny, and because impacts of aging on gene expression of specific pathways are virtually unknown for wild populations, we compared our age results to humans (Göring et al. 2007; Hong et al. 2008) .
To investigate natural variation in gene expression levels, we use a linear mixed model to simultaneously assess the effects of social rank (alpha vs. all subordinates), age, disease status (infected with mange vs. not infected), and sex on genome-wide expression in whole blood while controlling for genetic relatedness. As these factors can also influence cell-type abundance in blood (Linton and Dorshkind 2004; Cole et al. 2011 Cole et al. , 2012 Baylis et al. 2013; Powell et al. 2013) , we perform transcript origin analysis (TOA) ) and transcriptome representation analysis (TRA) (Powell et al. 2013) to infer the cellular origins of differentially expressed transcripts. Among the variables studied, we find that gene expression variation among wild wolves is primarily explained by age, with multiple age-related genes and processes conserved between wolves and humans. In contrast, we observe a surprising absence of expression differences with other variables such as rank, indicating that impacts of rank in primate models cannot be extended to the effects of social hierarchy in other vertebrate species.
Results

Sequence Data
To assess transcriptome variation across gray wolves in their natural environment, we quantified gene expression levels from whole blood samples of 27 wolves using RNA-Seq. A total of 1.26 billion 100 base-pair reads of sufficient quality (Phred score > 20) and length (> 25 bp after trimming) were generated (mean of 46.69 million reads per individual; supple mentary table S1, Supplementary Material online). On average, 87.5% of these reads aligned to the dog genome (CanFam3.1.74) and up to 35% of the uniquely mapped reads aligned to annotated protein-coding regions (supplementary table S1, Supplementary Material online). Of the 19,856 protein-coding genes annotated in the dog genome, we obtained 13,558 genes (68.3%) with sufficient read depth across individuals (!10 reads in at least 75% of cDNA libraries) to be included in expression analyses. The number of detected genes in whole blood of wolves (N ¼ 13,558) was similar to that found in lymphocytes of humans (N ¼ 12,758) (Göring et al. 2007 ) and whole blood of baboons (N ¼ 10,409) (Tung et al. 2015) .
Association of Gene Expression Levels with Intrinsic and Environmental Factors
We assessed the effects of intrinsic and environmental factors on transcriptome-wide gene expression using a significance cut-off of false discovery rate (FDR) ¼ 0.2 given the limited sample size. Similar to other studies that evaluated effects of sex on blood gene expression in mammals (e.g., Whitney et al. 2003; Tung et al. 2015 fig. 1B) . Finally, we predicted that social rank would be broadly associated with gene expression levels, comparable to effects of social conditions in humans and nonhuman primates (Cole et al. , 2012 Tung et al. 2012 ). However, we did not identify any genes in which expression levels were significantly associated with social rank (fig. 1C) .
In contrast, controlling for rank, sex, and mange infection status, we detected 625 genes associated with age, comprising 214 genes up-regulated and 411 genes down-regulated with age with diverse functions ( fig. 1D and table 1 and supplemen tary table S2, Supplementary Material online). These age-related gene expression changes may have been induced by intracellular changes in gene transcription or by age-related changes in proportions of blood cell-types (Linton and Dorshkind 2004; Baylis et al. 2013) . To evaluate potential changes in blood cell composition with age, we performed TOA (table 2), which infers the cellular origin of transcripts , in parallel with TRA (table 3), which assesses changes in cell abundance based on genes previously identified to have highly cell-type-specific expression (Powell et al. 2013) . In accordance with observations of immunosenescence in humans, genes down-regulated with age were largely associated with B cells (P < 0.001; table 2), which appear to partly be due to a lower prevalence of B cells in older wolves (TRA; FD per year ¼ 0.98; P ¼ 0.001; table 3). Further, consistent with development of more pro-inflammatory phenotypes in older individuals (reviewed in Boren and Gershwin 2004; Baylis et al. 2013) , genes up-regulated with age were significantly associated with innate immunity cells including dendritic cells (P < 0.001; table 2) and natural killer cells (P ¼ 0.004; table 2). TRA indicated a slightly increased proportion of monocytes in older individuals (FD per year ¼ 1.01; P < 0.001; table 3).
To assess the conservation of aging processes across species, we compared the 625 age-related genes in wolf leukocytes to a catalog of age-related genes in human lymphocytes (Göring et al. 2007; Hong et al. 2008 ). Wolf age-related genes were significantly enriched with human age-related genes, as we found that of the 420 age-related wolf genes represented in the human study, 255 (60.7%) genes were associated with age in humans (hypergeometric test; P ¼ 0.046). The majority of these overlapping genes were associated with age in the same direction (60.8% of overlapping genes, N ¼ 155 concordant genes, v 2 ¼ 11.863, df ¼ 1, P ¼ 0.001). A diversity of genes and biological processes we found to be associated with age in wolves (table 1) has previously been associated with aging in humans (Boren and Gershwin 2004; Kirkwood 2005; Baylis et al. 2013 ). For example, we observed significant age-related down-regulation of ETS1 (FD per year ¼ 0.900; Q value < 0.001; fig. 1D and 2 and table 1 and supplementary table S2, Supplementary Material online), a transcription factor involved in a variety of functions including regulation of the immune response (Garrett-Sinha 2013) and cellular senescence (Ohtani et al. 2001) . Similarly, CDK4, which is known to be inhibited by p16, a key protein activated during cellular senescence (Krishnamurthy et al. 2004; Liu et al. 2009 (Poncet et al. 2008) , DNA repair and genomic stability (e.g., SIRT6; FD ¼ 0.896; Q value ¼ 0.2) (Mostoslavsky et al. 2006; Di Mauro and David 2009) , and epigenetic regulation (genes down-regulated with age were enriched for the gene ontology (GO) terms "chromatin organization," P ¼ 0.005 and "histone modification," P ¼ 0.011 ; table 1 and supplementary table S3 , Supplementary Material online).
Paralleling intracellular senescence, aging has been found to dysregulate the propensity of the adaptive immune system to respond to novel infectious disease (a phenomenon known as "immunosenescence") (Baylis et al. 2013; L opezOt ın et al. 2013 ). In agreement with previous work, our results suggest reduced activity of B and T cells with age, as interleukin and interleukin-related genes, required for differentiation and proliferation of lymphocytes, were down-regulated in older wolves (IL7, IL21R, IL27RA; Q values < 0.2; fig. 2 and  table 1 and supplementary table S2 , Supplementary Material online). In addition, we observed age-related down-regulation of multiple MHC class II genes (Dog Leukocyte Antigen genes DLA-DQA1, DLA-DRA, DLA-88, and DLA-DOB; Q values < 0.2; fig. 2 and table 1 and supple  mentary table S2 , Supplementary Material online), whose expression is likely limited to antigen-presenting cells (B cells, monocytes) and activated T cells. GO analyses further support immunosenescence, as 30% of terms enriched in the genes down-regulated with age are explicitly related to immune system processes (e.g., lymphocyte activation, antigen receptor-mediated signaling pathway, T-and B-cell activation and proliferation, and interleukin-2 production; supplementary table S3, Supplementary Material online).
In contrast to the abundance of immunity-related GO terms enriched in the genes down-regulated with age in wolves, GO terms enriched in genes up-regulated with age were dominated by biological processes related to lipid (Holzenberger et al. 2003) .
Discussion
We examined factors that we predicted to influence gene expression in gray wolves based on gene expression patterns observed in humans and other primates, which included sex, mange presence, social rank, and age. The negligible effect of sex on gene expression in blood is consistent with similar findings in humans and macaques (Whitney et al. 2003; Tung et al. 2015) . However, the lack of detectable differentially expressed genes in mange-infected wolves was unexpected, given the presence of visible symptoms of mange such as hairless patches with skin lesions (Almberg et al. 2015) . This result may partly be due to limited statistical power but may also be caused by the immunosuppressive properties that S. scabiei evoke in their hosts by impacting IL10 signaling (Arlian et al. 2006) . The possibility of altered IL10 signaling in wolves with mange is supported by the presence of IL10RA in the top five genes associated with mange in our data set, although this result is not significant at our Q-value threshold of 0.2.
The absence of a significant effect of rank on gene expression was also unexpected but likely reflects a less hierarchically based social system in wolves compared to many primates species. In wolves, the term alpha denotes the breeding pair of a pack (which are typically the parents of other pack members) and signifies little to no differences in stress levels, resource access, or received aggression from other wolves (Mech 1999; Cubaynes et al. 2014; Molnar et al. 2015) . Additionally, wolf rank and age are positively correlated (Pearson correlation r ¼ 0.357; P ¼ 0.068) and may have effects on the same biological pathways (Snyder-Mackler et al. 2014) , potentially limiting our statistical power to detect rank effects independent of aging.
Overall, we found that age has a much broader impact on gene regulation than sex, mange infection status, or rank in a social top-predator exposed to naturally occurring abiotic and biotic challenges. Wolves show signatures of senescence consistent with aging in model organisms and humans (Baylis et al. 2013; Beirne et al. 2014) , which supports the hypothesis that aging effects on cellular processes are evolutionarily conserved through mammal phylogeny (Palacios et al. 2011; Nussey et al. 2013) . Theory predicts that higher levels of extrinsic mortality should lead to an increased rate of senescence because a relatively larger amount of energy is expected to be dedicated to reproduction than to somatic maintenance and repair (Kirkwood 1977 (Kirkwood , 2005 . The short time period over which age-related expression differences manifest in wolves (spanning a few years compared to decades in humans) (Göring et al. 2007 ) is evolutionarily appropriate given the high extrinsic mortality in this species, due mainly to interpack strife (Cubaynes et al. 2014) , and rapid physical senescence (MacNulty, MacNulty, Smith, Vucetich et al. 2009; Stahler et al. 2013) .
Stress related to changes in rank, physical injuries, and disease (Almberg et al. 2015) may augment the expression signature of aging in wolves or result in expression differences unique from that observed in humans. Genes associated with age in wolves were significantly enriched for human age-related genes, yet we detected 165 age-related genes in wolves that were not found to change with age in humans (Göring et al. 2007) . Further, 100 genes associated with age in both wolves and humans showed opposite trends of expression levels with age between the two species (Göring et al. 2007) . A longitudinal study, and comparison to gene expression in captive wolves, would be valuable in decomposing the specific factors that have long-lasting impacts on gene expression in wolves.
We identified age-related changes in the expression of genes that may be critical in the progression of the aging process, such as up-regulation of IGF1R, the primary receptor of the IGF1 protein product. IGF1 signaling is thought to be an evolutionarily conserved regulator of the trade-off between growth and survival, as the IGF1 pathway promotes growth during early development but can increase the rate of aging later in life (Rollo 2002; Salminen and Kaarniranta 2010) . The existence of a trade-off in IGF1 signaling is supported by studies across domestic dog breeds, in which plasma IGF1 protein levels across breeds positively correlate with body size but Genes diagnostic of a cell type are defined by average expression in a cell type > 6 standard deviations above the mean (Genes Z > 6) (Powell et al. 2013 ).
b TRA results of cell-type differences with age. *Significant (P < 0.01) difference in cell-type prevalence.
negatively correlate with lifespan (Sutter et al. 2007; Hoopes et al. 2012 ). This mechanism has been suggested to be the reason that small dog breeds can have twice the lifespan of larger breeds (Kraus et al. 2013 ). The rapid development of yearling wolves (MacNulty, MacNulty, Smith, Vucetich et al. 2009 ) likely requires early IGF1R expression. However, the function of up-regulated IGF1R we observe in old wolves is unknown and is potentially nonadaptive. IGF1R is down-regulated with age in humans (Göring et al. 2007 ), which may be an important contributor to human longevity. Consequently, up-regulation of IGF1R may be a leading driver of the rapid senescence of wolves and other short-lived species.
We also observed increased expression of LEP in older wolves, concordant with increased leptin protein levels observed in aging humans, dogs, and model species (Mobbs 1998; Ishioka et al. 2002 Ishioka et al. , 2007 Ma et al. 2002) . Leptin is produced by adipocytes and reduces reflex appetite (S anchezRodrı guez et al. 2000). Its increase with age, which is often disproportionately more than would follow from an increase in adipose tissue, is thought to indicate a leptin-resistant state in elderly individuals and can contribute to obesity (Ahren et al. 1997; Li et al. 1997; S anchez-Rodrı guez et al. 2000; Ma et al. 2002) . Because the weight of wolves is strongly correlated with age (Pearson correlation r ¼ 0.768; P ¼ 2.967 Â 10
À5
; supplementary table S1, Supplementary Material online), we do not have the statistical power to test whether LEP expression increases with age more than expected by weight gain alone. However, the overall weight gain and increased expression of LEP with age in wolves supports the hypothesis that wild wolves undergo metabolic aging (MacNulty, ). Although we find age-related gene expression patterns shared by humans and wolves, their impacts on health and fitness may be vastly different for each species. For example, metabolic aging and obesity are recognized as having negative health impacts in older humans (e.g., Alexander et al. 2003) . In contrast, increased weight in wolves enhances reproductive success in females of all ages (Stahler et al. 2013 ) and dispatching ungulate prey in males and females (MacNulty, ). Further, male wolves exhibit increasing aggressiveness with age, which may facilitate dominance and breeding opportunities within a pack and enhance success during interpack territorial encounters (Cassidy KA, Mech LD, MacNulty DR, Stahler DR, Smith DW, personal communication). Thus, although senescence does occur in wolves, some age-related changes may also allow older wolves to maintain fitness and, consequently, can be maintained by selection (e.g., Schwarz et al. 2016) . In dogs, which live in human-dominated environments, such age-related changes may be maladaptive and result in morbidity. Likewise, gene expression patterns that evolved under a hunter-gatherer lifestyle in humans may lead to health problems for individuals with a western lifestyle and diet (Carrera-Bastos et al. 2011; Farooqui 2015) . Consequently, for both modern humans and their domestic companions, such legacy effects may result in disease in aging individuals.
Our results establish the ancestral baseline for gene expression in dogs and show that transcriptome-wide gene expression analysis applied to natural populations has the potential to reveal novel functional and evolutionary insights into the mechanisms and drivers of aging. In general, our study suggests that aging is the critical factor affecting gene expression levels in a wild wolf population and provides a new paradigm for investigating the aging process in natural systems.
Materials and Methods
Sampling and Phenotypic Traits
Whole blood was collected from 27 wild gray wolves in YNP, USA. Sampling was conducted during winters 2011, 2012, and 2013 during annual wolf captures according to US national guidelines for handling animals and with all required permits held by the National Park Service . Individual animal information is provided in supplementary table S1, Supplementary Material online.
Age and Sex
For each of the 27 wolves, sex was determined during handling. Males were coded as 0 and females as 1. Ages were estimated from an assumed birth date of April 15 (mean whelp date in study area) (Stahler et al. 2013 ) and were continuously coded for the linear models (supplementary table S1, Supplementary  Material online and supplementary fig. S2 , Supplementary Material online). Age was determined by either capturing pups (N ¼ 13), which are easy to distinguish due to body and tooth size, or recapturing individuals that had known birth years. The known ages (years) of the 21 wolves included in the analyses were 0.8 (N ¼ 13) ; 2.8 (N ¼ 1) ; 3.7 (N ¼ 1) ; 3.8 (N ¼ 3) ; 4.8 (N ¼ 1) ; 5.8 (N ¼ 1) ; 6.8 (N ¼ 1); and 8.8 (N ¼ 1) . For the five individuals included in the expression analyses that were not first identified as pups, tooth wear was used to estimate the age of adults (Gipson et al. 2000) . The estimated ages (years) of the five wolves used in the analyses were 2.8 (N ¼ 1); 4 (N ¼ 1); 4.8 (N ¼ 1); 6 (N ¼ 1); and 9 (N ¼ 1). Estimated ages of the two older wolves (6 and 9 years) were corroborated by the fact that they had been monitored by NPS for multiple consecutive years (5 and 6 years of monitoring, respectively).
Social Status
Social rankings of the 27 individuals were determined from behavioral observations and reproductive status and were categorized, specific to the time of sampling, as alpha or nonalpha (supplementary table S1, Supplementary Material online). Individuals that were the only or primary breeders in a pack or behaviorally dominant to all pack members (excluding their mates) were identified as alpha wolves. In wellknown and larger packs, individuals that were subordinate to the leading pair but dominant to other pack members were ranked as beta. Individuals showing neither reproductive nor antagonistic behavior were classified in the subordinate category (Mech 1999; Packard 2003; Smith et al. 2012) . Because age and social rank are highly correlated in YNP wolves (Pearson correlation r ¼ 0.614; P ¼ 6.55 Â 10 À5 ), we focused on the distinction between alpha wolves (scored as 1) and nonalpha animals (scored as 0; betas and subordinates), which significantly reduced the magnitude of this correlation (N ¼ 27; P < 0.01; psych R package; paired.r function to test for a significant decrease in correlation) (Revelle 2015) .
Mange Infection Status
The severity of mange infection in each wolf was assessed based on the presence of physical symptoms (hairlessness and scratching lesions) at the time of capture and scored according to the percentage of body surface affected (0: no physical symptoms; 1: < 5% of the body affected by lesions; 2: 6-50%; and 3: > 50%) (Pence et al. 1983; Almberg et al. 2012) . As only one individual presented severe symptoms of mange infection, we classified mange as a binary variable (0: no symptom; 1: visible symptoms; supplementary table S1, Supplementary Material online). Continuous coding of mange severity led to qualitatively identical null findings (results not shown).
RNA Extraction, Library Preparation, and Sequencing
Whole blood was preserved in PAXgene Blood RNA tubes (PreAnalytiX, Qiagen, Hombrechtikon, Switzerland) and stored at À80 C. Total RNA extraction was performed following the manufacturer's instructions of PAXgene Blood RNA kit (PreAnalytiX, Qiagen, Hombrechtikon, Switzerland) . RNA quality was assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). All samples had a RNA integrity number (RIN) > 7. Total RNA was treated with the GlobinZero kit (Epicentre, Illumina, Madison, WI) (Edgar et al. 2002) and are accessible through GEO series accession number GSE80440 (http://www.ncbi.nlm.nih. gov/geo/query/acc.cgi?acc¼GSE80440).
Mapping and Expression Quantification
Quality filtering and adaptor trimming was performed using TRIM GALORE! v.0.3.1 (www.bioinformatics.babraham.ac.uk/proj ects/trim_galore/). A moderate coverage (25x) genome assembly of the gray wolf is available (Freedman et al. 2014 ). However, this assembly is based on mapping reads to the domestic dog. Therefore, given the availability of the wellannotated dog genome (Canis l. familiaris; Ensembl CanFam3.1.74) (Lindblad-Toh et al. 2005; Hoeppner et al. 2014) , as well as the short divergence time between domestic dogs and wolves (< 29 Ka) (Thalmann et al. 2013; Freedman et al. 2014; Skoglund et al. 2015; Fan et al. 2016) , we used the domestic dog genome as a reference. Splice-aware mapping to the domestic dog genome (Ensembl CanFam3.1.74, unmasked) was implemented with TopHat2 v.2.0.10 (Engström et al. 2013; Kim et al. 2013) . We allowed up to three mismatches, a total of 3-bp length of gaps, and an edit distance no more than 3 bp between the reads and the reference sequence to account for the divergence between the domestic dog and the gray wolf. Only reads that uniquely mapped to the reference were kept in subsequent analyses. Only uniquely mapped reads were kept in subsequent analyses. The expression level of each gene was quantified using the union mode of the python script htseq-count (HTSeq 0.6. 1) (Anders et al. 2015) . Individual expression profiles were filtered to only include protein-coding genes with at least ten reads in at least 75% of cDNA libraries (N ¼ 13,558 protein-coding genes). Genome assembly and GTF files of the domestic dog genome (CanFam3.1.74) used as reference in this study can be retrieved at http://dec2013.archive.ensembl. org/Canis_familiaris/Info/Index.
Data Preprocessing
To identify outlier samples, we used the adjacency function in the WGCNA R package (Langfelder and Horvath 2008) to build a Euclidean distance-based sample network from the log 2-transformed read counts. Samples were designated as outliers if their standardized connectivity deviated by more than three standard deviations from the mean (Horvath 2011) . After removing two individual outliers from the data (supplementary table S1, Supplementary Material online), we used conditional quantile normalization (cqn package in R) to normalize for sequencing depth (using trimmed mean of M values) (Robinson et al. 2010) , GC-content, and gene length , averaged from the transcripts in the canFam3.1.74 gtf file. We used principal component analysis of the normalized, log 2-transformed expression data to assess general impacts of technical, phenotypic, or environmental variables on gene expression variance. We identified significant effects of technical factors on overall gene expression (supplementary fig. S1A 
Linear Mixed Effects Models
For each gene, we modeled the fixed effects of age, sex, social rank, and mange infection status on the residuals of the normalized, log 2-transformed gene expression levels of the 25 samples using linear mixed models in gemma v.0.94 (Zhou and Stephens 2012) as done previously (Tung et al. 2012 ). To fit a random effect controlling for kinship, we calculated pairwise relatedness between individuals using the triadic maximum likelihood approach in COANCESTRY (Wang 2011) , based on genotypes obtained from 24 microsatellite loci (supple mentary table S5, Supplementary Material online). Allele frequencies for the 24 markers were estimated using a comprehensive data set of 371 YNP gray wolves (vonHoldt et al. 2008 (vonHoldt et al. , 2010 vonHoldt BM, unpublished data) .
All significance levels for the linear models were adjusted for multiple hypothesis testing using the Q value method in R (Storey and Tibshirani 2003) , with the null distribution constructed based on 100 random permutations. Because of the difficulty of obtaining samples from animals in the wild for RNA analyses, our sample size limited the statistical power of the linear model analysis. Therefore, we set a relatively liberal FDR threshold of 0.2 to identify candidate genes associated with rank, age, sex, and mange. 
GO Analysis
To assess which biological functions were significantly enriched in the genes affected by our variables of interest (defined as genes associated at Q value < 0.2), we used G:PROFILER (Reimand et al. 2007 ) based on the Canis familiaris gene annotation (Ensembl 79). Queries were composed of genes upor down-regulated with each variable of interest and the background set included all genes tested in our analysis (N ¼ 13,558). We set the minimal overlap between the GO term and the query, as well as the minimal number of genes within a functional category, to 3. All GO analyses were corrected for multiple testing using the Benjamini-Hochberg FDR method (Benjamini and Hochberg 1995) .
Differential White Blood Cell Counts
To assess the impacts of age, rank, mange, and sex on the relative abundance of lymphocytes, neutrophils, monocytes, basophils, and eosinophils, blood smears were prepared for eleven of the 27 individuals during the collection of PAXgenepreserved blood (supplementary table S6, Supplementary Material online). Subsequently, the histological slides were fixed and stained according to standard procedures (i.e., fixation using the methanol and staining according to the Wright-Giemsa method). White blood cell (WBC) differentials were determined by quantifying the abundance of lymphocytes, neutrophils, monocytes, basophils, and eosinophils relative to a total number of white cells fixed at N total WBC ¼ 100. WBC counts were calculated as the average of two replicated slides. For each WBC type, counts were correlated in a linear model with each explanatory variable (age, sex, rank, or mange) . No significant result was obtained. Therefore, we assessed effects of age on cell population with TRA (Powell et al. 2013) , which is more sensitive to small differences in cell prevalence than blood smear cell counts because TRA assesses gene expression of multiple cell markers.
TOA and TRA TOA was used to assess the extent to which differentially expressed genes were predominately characteristic of one or more subtypes of circulating leukocytes . Differential expression for TOA was defined by the FD, with differentially expressed genes defined by <0.90 and >1.10 FD per year of age. Thresholds of FD were selected to achieve the largest biological effect size possible while still yielding an input list with at least 50 differentially expressed genes. TRA was used to assess the prevalence of cell-typespecific RNAs (Powell et al. 2013 ) identified a priori based on highly cell-type-diagnostic transcripts in humans Powell et al. 2013 ).
Supplementary Material
Supplementary figures S1 and S2 and tables S1-S6 are available at Molecular Biology and Evolution online (http://www. mbe.oxfordjournals.org/).
